1. A new cytotoxic agent, 3-acetyl-5-(4-fluorobenzylidene)-2,5-dihydro-4-hydroxy-2-oxothiophen (I.C.I. 47776), strongly inhibits protein and nucleic acid synthesis and, to a smaller extent, respiration in lymph-node cells and Landschutz ascites-tumour cells in vitro. 2. The activity of I.C.I. 47776 in vitro declines as the pH of the medium is increased and is inversely proportional to the concentration of serum in the medium. 3. The compound has no effect on the incorporation of leucine by a cell-free preparation from Landschutz ascites cells containing ATP and phosphoenolpyruvate. 4. I.C.I. 47776 stimulates glycolysis in suspensions of Landschutz ascites cells in the presence of excess of glucose but has no effect on glycolysis in suspensions of rat lymph-node cells. 5. I.C.I. 47776 markedly depresses ATP concentration in ascites cells in the absence of glucose but has no effect on the ATP concentration in the presence of glucose. The inhibition of protein synthesis by I.C.I. 47776 in ascites cells is, however, only partially reversed by the addition of glucose. 6. The ATP concentration of rat lymph-node cells incubated with I.C.I. 47776 in the absence of glucose is also markedly depressed but the addition of glucose increases the ATP concentration only slightly. Further, glucose has no effect on the inhibition of protein synthesis in lymph-node cells by I.C.I. 47776. 7. It is suggested that I.C.I. 47776 inhibits protein and nucleic acid synthesis in cell suspensions indirectly by acting as a mitochondrial poison. 8. The relevance of studies on the activity of I.C.I. 47776 in vitro to its cytotoxic and immunosuppressive action in vivo is discussed.
The thiophen derivative, I.C.I. 47776, which has the structural formula (I), suppresses various immunological phenomena in the rat and inhibits the formation of lymphoblasts and plasma cells in the regional lymph nodes after the injection of a suspension of dead tubercle bacilli suspended in mineral oil into the foot pad (Franklin et al. 1966) . The compound also induces haematological and histological changes in vivo that are characteristic of cytotoxic agents and ionizing radiation (Franklin et al. 1966 ). Franklin, Jones & Redfearn (1967) have shown that I.C.I. 47776 is a potent inhibitor of the oxidase activity of respiratory particles from HO CO.CH3 rat liver, pig heart and Azotobacter vinelandii and also has profound effects on the adenosine-triphosphatase activity of rat-liver mitochondria.
The present paper describes the effects of I.C. Media. Eagle's medium (Parker, 1961) , supplemented as required with calf serum, was buffered at various pH values with NaHCO3 in an atmosphere of 02+C02 (95:5) or in some experiments with 40mM-tris-HCl at pH7-4. Most experiments with Landschiutz ascites cells were carried out in a medium similar to that of Wu & Racker (1959) containing tris-HCl buffer, pH7.4 (40mM), NaCl (80mM), KCI (16mM), MgCl2 (2mM), KH2PO4 [either 4mM (low phosphate) or 25mM (high phosphate)] and glucose (lOmg./ml., when present). The cell-free preparation from Landschfitz ascites cells was obtained in a medium containing tris-HCl buffer, pH7-7 (40mM), MgCI2 (10mM), KCI (25mM) and NaCl (75mm) ('cell-free' medium).
Cell8. All of the animals used as a source of cells were reared under specific pathogen-free conditions.
(1) Lymph-node cells. The popliteal, inguinal and lower abdominal nodes were removed from normal albino rats and from rats antigenically stimulated by injection into the hind foot pads with either (a) 0-05ml. of a fine suspension ofsteam-killed tubercle bacilli in mineral oil (Newbould, 1963) or (b) 0-2ml. of 0-9% NaCl containing in suspension 1mg. of alum-precipitated bovine y-globulin (Armour Pharmaceutical Co. Ltd., Eastbourne, Sussex) and 2 x 109 heat-killed Bacillus pertussis (Glaxo Laboratories Ltd., Greenford, Middlesex).
The nodes were dissected free of fat and teased into Eagle's medium. Fragments of connective tissue were removed by passing the cell suspension through a stainlesssteel mesh. Viable and dead cells were counted on a haemocytometer slide after dilution with trypan blue (0-5% in 0-9% NaCl). Air-dried smears of the cells were fixed in methanol and stained with a mixture of methyl green and pyronine (Gurr, 1957) . Preparations from the nodes of normal rats contained almost exclusively small lymphocytes. Preparations from the injected rate, however, contained many lymphoblasts and mature plasma cells in addition to small lymphocytes.
Landschuitz ascites-tumour cells. These were obtained from white mice 7-10 days after the inoculation of the tumour. The cells were sedimented from the ascitic fluid at 600g for 5min. at 0-1°, washed twice and finally resuspended in the appropriate medium. The cell concentration was determined as described for lymph-node cells. After incubation the bottles were chilled in ice, the cell suspensions diluted with ice-cold 0-9% NaCl and the cells sedimented at 600g for 5min. After two washings by resuspension in NaCl solution and centrifugation, the cells were finally suspended in NaCl solution and disrupted by ultrasonic irradiation. Samples (usually 0-2ml.) of the preparation were applied to strips of Whatman no. 120 filter paper for the determination of radioactivity incorporated into protein or nucleic acid (Franklin, 1963) .
(b) Cell-free preparation from Landschuitz ascites cells.
Fraction 1 S (1 ml.; approx. 3mg. ofprotein) was incubated with lO,moles of phosphoenolpyruvate, I,umole of ATP and luc of [14C]leucine in total volume 1-3ml. at 370 for 30min. The preparation was chilled in ice and 0-2ml. applied to filter-paper strips for the determination of radioactivity incorporated into protein as described above.
In all experiments the thiophen derivatives, rotenone and 2,4-dinitrophenol were added to the incubation mixtures dissolved in dimethyl sulphoxide so that the final concentration of solvent was 0-5% (v/v) . This concentration of dimethyl sulphoxide alone had no detectable effect in any experiment but it was always added to control preparations. Because of the instability of the thiophens in pure dimethyl sulphoxide it was necessary to dissolve the compounds in the solvent immediately before adding to the aqueous media. The thiophens are stable in aqueous media (containing 0-5% of dimethyl sulphoxide) for several days.
Lactic acid. The cell suspensions were treated with an equal volume of 10% (w/v) trichloroacetic acid and the lactic acid in the supernatant was determined by the method of Barker & Summerson (1941) .
ATP. A modification of the method of Strehler & McElroy (1957) was used. The cells were sedimented from the incubation medium at 00 and the cell pellet was treated with N-HC104 (2ml.). After centrifuging, the supernatant was adjusted to pH7 with KOH in an ice bath. After standing for 5min. the insoluble KC104 was removed by centrifuging at 0-10. Firefly-lantern extract (FLEBO) was purchased from the Sigma Chemical Co., St Louis, Mo., U.S.A. Known concentrations of ATP were prepared in N-HC104 neutralized with KOH as described above.
Fluorescence measurements were carried out in an AmincoBowman spectrofluorimeter.
Protein. The method of Lowry, Rosebrough, Farr & Randall (1951) was used, with crystalline bovine plasma albumin as a standard.
RESULTS
Inhibition of protein and nucleic acid synthesis and respiration in suspen&ions of lymph-node ceUls by thiophen derivatives. The incorporation of labelled leucine, orotic acid and thymidine into protein and nucleic acid respectively and the consumption of oxygen by lymph-node cells from 706 normal and immunized rats was linear for at least 4hr. The synthetic and respiratory activities of cells prepared from the enlarged nodes ofrats injected with either tubercle-mineral oil or B. pertusiB8 vaccine-bovine y-globulin were always considerably higher than those of cells from normal rats. Presumably this reflected the greatly increased numbers of metabolically more active lymphoblasts and plasma cells in the nodes of the immunized animals (Mitchell, 1964) . Addition of I.C.I. 47776 to cell suspensions from normal and injected rats produced marked inhibitions of protein and nucleic acid synthesis and a smaller inhibition ofrespiration (Fig. 1) . The 'dose-response' curves were very similar with cells from normal or injected rats and also from lymph nodes of guinea pig, mouse and man (not shown).
Compounds I.C.I. 46446 and I.C.I. 46876 were both rather less active than I.C.I. 47776; I.C.I. 46452, which has no benzylidene group, was markedly less active than the benzylidene thiophens (Fig. 2) .
Effect of the pH of the medium and the serum concentration on the inhibitory activity of I.C.I. Conen. of thiophen (pg./ml. of medium) 6-6 6-8 7-0 7-2 7.4 7. Conen. of I.C.I. 47776 (utg./ml. of medium) Percentage of serum (v/v) serum) was increased (Fig. 3) . The loss of activity was reversible when the pH of Eagle's medium without NaHCO3 was lowered from pH7-6 to 6-6 after 2hr. incubation by replacing the atmosphere of air with oxygen + carbon dioxide (95:5) ( Table   1 ). The pH-dependence of the activity of I.C.I. 47776 was observed in the absence of added serum and also with rat-liver slices and Landschutz ascites cells.
The activity of I.C.I. 47776 against rat lymphnode cells was inversely proportional to the concentration of serum in the medium (Fig. 4) . This suggested that the concentration of free I.C.I. 47776 in the medium was reduced by binding to serum proteins; preliminary dialysis experiments have confirmed that the compound does bind to protein.
Inhibitory effect of I.C.I. 47776 on Landschiitz a8cites-tumour cells. Fig. 5 The inhibition ofrespiration in intact cells by I.C.I. 47776 and the profound effects of the compound on the oxidase and adenosine-triphosphatase activities of isolated respiratory particles (Franklin et al. 1967) suggested that the inhibition of macromolecular synthesis in cells might be due to interference with the aerobic production of ATP. The depression in ATP concentrations and of synthetic activity in ascites cells produced by mitochondrial poisons or anaerobic conditions may completely or partially be overcome by an increased glycolytic production ofATP (Rabinovitz, Olson & Greenberg, 1955; Wu & Racker, 1959; Pine & Di Paolo, 1966) . The effects of the addition of excess of glucose on protein synthesis, glycolysis (indicated by lactic acid production) and ATP concentration in Landschiitz ascites cells treated with I.C.I. 47776 were therefore compared with those on cells treated with rotenone, which inhibits NAD-linked oxidations in mitochondria, and 2,4-dinitrophenol, the classic uncoupler of oxidative phosphorylation. (a) Glycolysis. Table 3 indicates that I.C.I. 47776, rotenone and 2,4-dinitrophenol all significantly increased the amount of lactic acid produced by Landschutz cells when incubated in the lowphosphate medium of Wu & Racker (1959) . (b) ATP concentrations. In the absence of added glucose, all three inhibitors markedly depressed the ATP concentration of Landschutz cells. Addition of glucose alone increased the ATP concentration above that of the control without glucose; I.C.I. 47776, rotenone and 2,4-dinitrophenol had no effect on the ATP concentrations in the presence of glucose (Table 4) . (c) Protein synthesis. The incorporation of leucine into protein was strongly inhibited by I.C.I. 47776, rotenone and 2,4-dinitrophenol in the absence of glucose. The inhibition produced by rotenone was largely released by the addition of glucose whereas the inhibitions produced by I.C.I. 47776 and 2,4-dinitrophenol were only partially released by glucose. In each case the effect of glucose was more marked when the incubations were carried out in high-phosphate medium (Table 5) . Effects of I.C.I. 47776 on protein synthesis, glycolysis and ATP concentrations in rat lymph-node cells in the presence and absence of glucose. The Landschiutz ascites cell is adapted to survival under (Table 4) . (c) Protein synthesis. As expected from the failure of glucose to restore the ATP content of lymph-node cells poisoned with I.C.I. 47776 or rotenone, glucose had no effect on the inhibition of leucine incorporation by these agents (Table 5 ).
DISCUSSION
The results described in this paper show that I.C.I. 47776 is a potent inhibitor of protein and nucleic acid synthesis in normal and neoplastic mammalian cells in vitro. Since the compound also inhibits the respiration and markedly depresses the ATP content of these cells it seems likely that its action on protein and nucleic acid synthesis depends on interference with the production and utilization ofATP. Further, Franklin et ac. (1967) have shown that I.C.I. 47776 is a potent inhibitor of the oxidase activity of isolated respiratory particles and, though inhibiting the 2,4-dinitrophenol-dependent adenosine triphosphatase, it also stimulates the Mg&+-dependent adenosine triphosphatase of ratliver mitochondria at very low concentrations (1) (2) (3) (4) (5) .
The increased production of lactic acid by Landschutz cells in the presence of excess of glucose induced by I.C.I. 47776 is typical of the response of neoplastic cells to anaerobic conditions and mitochondrial poisons (Wu & Racker, 1959) . The failure of glucose to reverse completely the inhibition of protein synthesis produced by I.C.I. 47776 and 2,4-dinitrophenol in ascites cells is of some interest. A similar effect of 2,4-dinitrophenol on protein synthesis in Ehrlich ascites cells was described by Rabinovitz et al. (1955) . Their suggestion that this effect may be due to partial degradation of glycolytically produced ATP by the 2,4-dinitrophenol-dependent adenosine triphosphatase of the mitochondria seems to be at variance with our observation that in Landschi-tz cells at least the ATP concentration is unaffected by 2,4-dinitrophenol in the presence of glucose. It is conceivable, however, that the ATP required for protein synthesis (amino acid activation, GTP production) might be located in a cell compartment accessible to mitochondrial adenosine triphosphatase, either 2,4-dinitrophenol-or Mg2+-dependent. Ifthe ATP compartment is a small proportion of the total cellular ATP, its depletion might not be readily detected by measuring the total ATP. Further, if the rate of transport of ATP into this compartment is limiting for protein synthesis, depletion of its ATP would be reflected in an inhibition of protein synthesis. The work of Wu & Racker (1959) The action of I.C.I. 47776 on lymph-node cells in vitro is more readily interpreted. Though lymph-node cells carry out aerobic glycolysis, they do not respond to mitochondrial poisons with increased glycolysis. This is reflected in the failure of excess of glucose to restore to normal the ATP concentrations in rat lymph-node cells treated with I.C.I. 47776 or rotenone. Thus the powerful inhibition these agents exert on protein synthesis in lymph-node cells in the presence or absence of glucose can probably be largely attributed to the resulting greatly depressed concentrations of cellular ATP.
The inhibitory effect of I.C.I. 47776 on protein and nucleic acid synthesis in lymph-node cells at concentrations that have no effect on oxygen consumption ( Fig. 1 ) may be due to the uncoupling of oxidative phosphorylation caused by low concentrations of I.C.I. 47776 (Franklin et al. 1967) .
Can the immunosuppressive action and the selective cytotoxicity for dividing cells of I.C.I. 47776 in vivo be explained by the type of action it has on cells and cell-free preparations in vitro? As yet there is no direct evidence for this but it is reasonable to suppose that the powerful antimitochondrial activity of I.C.I. 47776 would play an important part in its cytotoxicity in vivo. Studies now in progress show that the maximum blood and tissue concentrations of I.C.I. 47776 attained after minimal doses of the compound which produce cytotoxic effects on dividing tissues in various species are similar to those that interfere with ATP production and macromolecular synthesis in vitro. However, the extent to which the damage inflicted on cells and cell extracts during studies in vitro affects the sensitivity of these preparations to inhibitors is difficult to assess but should not be ignored.
The dependence of the activity of I.C.I. 47776 against intact cells on pH is not easy to explain.
Since the pK, of the compound is 2-58 in water (P. J. Taylor, unpublished work), its degree of ionization does not vary significantly between pH6.6 and 8-0. Possibly some pH-dependent change in the cell membrane might affect the penetration of the compound into the cell. Whatever the explanation for the pH-dependence of the activity of I.C.I. 47776 in vitro a similar effect in vivo would tend to limit the cytotoxic action of the compound to tissues of low pH. These include lymph nodes, which may have a pH as low as 6-2 (Spector, 1956 ). Well-vascularized tissues, with no significant aerobic production of lactic acid, such as liver, have a pH above 7 and will therefore probably be largely unaffected in vivo by I.C.I. 47776 at doses that are toxic for lymph nodes. Further, the requirements for ATP may be higher in dividing than non-dividing tissues so that the former may be more sensitive to any disruption in the supply of ATP.
We 
